While some studies have investigated the effects of oxLDL on the process of osteoclastogenesis, the underlying mechanism are not fully understood. We show here that oxLDL concentrations of ~10-25 µg protein (0.43-1.0 µM MDA/mg protein) completely blocked the formation of functional osteoclasts. The underlying mechanism implies an inhibition of autophagy that in turn leads to a decreased fusion of cathepsin K (CatK)-loaded lysosomal vesicles with the ruffled border membrane. As result, a lower secretion of CatK and impaired protonation of the resorption lacunae by vacuolar-ATPase (v-ATPase) is observed in the presence of oxLDL. We demonstrate that scavenger receptor A (SR-A) mediates oxLDL effects on osteoclastogenesis and repressing this receptor partially rescued oxLDL effects. Collectively, our data provides an insight into the possible mechanism of oxLDL on osteoclastogenesis suggesting that it does not perturb the packaging of CatK and v-ATPase (V-a3) in the secretory lysosome, but inhibits the fusion of these lysosomes to the ruffled border. The relevance of our findings suggests a distinct link between oxLDL, autophagy and osteoclastogenesis.
Results
oxLDL is a potent inhibitor of osteoclastogenesis. Because osteoclasts become apoptotic after each resorptive cycle 11 , we were more interested in the effects of oxLDL on the process of osteoclastogenesis than on its activity of already formed osteoclasts. As shown by the TRAP staining ( Fig. 1A) , oxLDL inhibited RANKLinduced differentiation of macrophages to osteoclasts. oxLDL reduced the number of TRAP positive cells significantly at 0.86 µM and 1 µM oxLDL concentrations but not at 0.43 µM (Fig. 1B) . The number of nuclei per TRAP positive cell was also significantly lower in the presence of oxLDL (Fig. 1C ): ~3-6 nuclei per cell whereas a range of ~20-60 nuclei per cell in control group. oxLDL treated cells also had a 3 fold decrease in the average cell surface area compared with the control (Fig. 1D ). Expression of calcitonin receptor, a marker for osteoclast differentiation, was also dose dependent downregulated in oxLDL treated cells confirming that oxLDL inhibits the formation and maturation of osteoclasts ( Fig. 1E ).
oxLDL interferes with cytoskeletal rearrangement of osteoclasts. During the differentiation of macrophages to osteoclasts, a reorganization of the cytoskeleton takes place resulting in the formation of actin rings. These structures are important for cell to matrix adhesion and the generation of sealing zones necessary for bone resorption 11 . We investigated the effects of oxLDL on the morphology of osteoclasts by performing immunocytochemical staining with phalloidin. As shown in Fig. 2A , control cells developed actin rings on the entire periphery of the cell with numerous nuclei (DAPI). However, oxLDL interfered with the cytoskeletal rearrangement at all oxLDL concentrations tested, leading to deformed actin ring structures focused on one side of the cell instead of the entire cell periphery. To further confirm the disruption of the cytoskeleton by oxLDL, vinculin, an actin binding protein was co-stained with actin. Confocal images showed vinculin co-localizing with actin rings on the entire periphery of control cells while in oxLDL treated cells, vinculin co-localization with actin rings was strongly diminished or absent ( Fig. 2B ). In order to explain the possible cause of the cytoskeletal disruption by oxLDL, we checked the expression of the vitronectin receptor (αVβ3) which is known to mediate the tight adhesion of the cells to the bone matrix as the first step in the formation of actin rings 18 . We found that the expression of vitronectin receptor was not significantly different between control and oxLDL treated cells ( Supplementary Fig. 1 ) suggesting a direct effect of oxLDL on the cytoskeletal rearrangement in osteoclasts.
oxLDL completely inhibits resorption on hydroxyapatite coated plates and bone slices.
A functional characteristic of osteoclast is the dissolution of inorganic bone components and resorption of organic bone matrix. We tested the effects of oxLDL by assessing the size of resorbed area. Cells were plated and differentiated to osteoclasts by addition of RANKL on both hydroxyapatite coated plates and bone slices, and cultured for a total of 21 days. Hydroxyapatite coated plates have been shown to provide a stable calcium phosphate layer that can be used reliably to quantify osteoclast resorption in vitro 11 . Treatment of these cells with oxLDL at all concentrations completely inhibited the dissolution of calcium crystals (Fig. 3A) .
Next, we checked the protonation of acridine orange and observed that there was a higher protonated acridine orange (indicative of acidic organelles) in control cells and a dose dependent decrease in oxLDL treated cells ( Fig. 3C ). These acidic organelles were mainly localized at the periphery of control cells while in oxLDL treated cells they were confined to the cytoplasm suggesting that they have less capacity to acidify the resorption lacunae. Moreover, as visualized with 1% toluidine blue, oxLDL caused a total inhibition of bone resorption. Contrary to the control cells which had numerous and well defined pits, oxLDL at all concentrations completely impaired bone resorption, as ascertained by abrogated resorption pits and collagen type 1 fragment release into the medium (Fig. 3D ,E).
oxLDL inhibits the expression, activity and secretion of CatK and MMP9.
CatK is an osteoclast specific protease responsible for collagen cleavage. We studied the effects of oxLDL on the expression of CatK by qRT-PCR and western blot. Gene expression of CatK in oxLDL treated cells was down regulated in a dose dependent manner with at least 3 fold decrease ( Fig. 4A ). CatK activity was assayed by fluorometric assay using synthetic substrate. The CatK activity of the treated cells followed the same tendency as the gene expression analysis ( Fig. 4B ). Protein expression of CatK assessed by immunoblot was however higher in oxLDL treated cells compared with control cells (Fig. 4C ). We therefore hypothesized that oxLDL inhibits the secretion of CatK which leads to its accumulation. To test this hypothesis, we carried out a gelatin zymography and western blot analysis of conditioned media. Equal volume of conditioned media from control and oxLDL treated cells was loaded for CatK zymography and in parallel for western blot under non-reducing conditions. The zymogram showed 3 active bands at ~75 kDa, 37 kDa and ~26 kDa ( Fig. 4D ). CatK has been shown to form dimers because the complex unwinding of triple helical collagen is necessary for its cleavage 19 . Here, we show that the active band at ~75 kDa was CatK dimer, and there was a complete inhibition of CatK dimer activity at all oxLDL concentrations tested. The CatK active band at 37 kDa also showed a dose dependent decrease in oxLDL treated cells; there was a 3 fold decrease at 0.43 µM, a 5 fold decrease at 0.86 µM and a 12.5 fold decrease at 1.0 µM respectively.
An interesting observation in the zymogram was an active proteolytic activity at ~26 kDa ( Fig. 4D ) only in oxLDL treated cells. This band showed a dose dependent increase. We assumed that this was some form of truncated CatK.
Likewise, we tested the effects of oxLDL on the expression and secretion of matrix metalloproteinase 9 (MMP-9). MMP-9 is shown to be highly expressed by osteoclasts and could be involved in its migration though its role in bone matrix dissolution remains unclear 11 . As shown in Figs 4F and 5E, there was a down regulation in the gene expression and secretion of MMP9 by oxLDL respectively. oxLDL effects are mediated through the scavenger receptor A (SR-A). Further, we employed specific pharmaceutical inhibitors to decipher the receptor involved in the oxLDL mediated regulation of osteoclastogenesis. We expected a rescue effect leading to an improved functional activity of oxLDL treated cells. Four major receptors have been shown to bind oxLDL; these are the CD36, LOX-1, TLR-4 and SR-A 3 . Inhibition of CD36, LOX-1(data not shown) and TLR-4 receptors did not rescue the oxLDL mediated effects as shown in Fig. 5 . The dissolution of calcium crystals in oxLDL treated cells did not increase (data not shown), CatK secretion was still repressed (Fig. 5F ,G) leading to an accumulation of CatK as shown by western blot analysis of cell lysate ( Fig. 5I ). Nevertheless, CD36, TLR-4 and LOX-1 receptors seem to be important for the process of osteoclastogenesis since inhibiting these receptors disturbed the normal functioning of osteoclasts even in the absence of oxLDL. To rule out cytotoxicity of the inhibitors on osteoclast formation and function, we carried out LDH assay. The data shown in the Supplementary Fig. 6 demonstrate that inhibitors used did not cause cell toxicity.
Blocking SR-A with its competitive inhibitor; dextran sulphate 20 , rescued some of the oxLDL mediated effects: there was an increase in the dissolution of calcium crystals ( Fig. 5A) , an upregulation in the expression of MMP-9 gene ( Fig. 5E ) and an increased secretion of CatK ( Fig. 5F -I). However, it did not increase resorption on bone slices ( Fig. 5B and C) and CatK activity ( Fig. 5D ). We expected that a higher CatK secretion would boost bone resorption in the presence of oxLDL; however, this was not the case and might suggest that catalytically inactive forms of CatK were secreted. oxLDL inhibits osteoclastogenesis by inhibiting autophagy. As we have already described above, secretion of lysosome resident protein is important for the functional activities of osteoclasts. One of the cellular mechanisms proposed for secretion of lysosomal proteins in osteoclasts suggests that proteins are packaged in secretory lysosomes that subsequently fuse with the ruffled border and discharge its content to the extracellular space 21 . To address if oxLDL controls targeting of lysosomal vesicles to the ruffled border, we investigated the localization of V-ATPase proton pump (V-a3) in control and oxLDL treated cells. The proton pump isoform V-a3 is highly expressed in osteoclasts and assemble in the plasma membrane of mature osteoclasts 22 . Confocal images showed that the V-a3 proton pump localized at the cell periphery of control cells while it was confined to the cytoplasm of oxLDL treated cells ( Fig. 6A ), confirming the above indicated acridine orange staining results ( Fig. 3C ). To further address these effects of oxLDL, we analyzed the localization of the integral lysosomal membrane protein 2 (LAMP2), which resides across lysosomal membranes. Confocal images in control cells showed lysosomal membrane proteins co-localizing with actin rings in the ruffled border thereby implying an active lysosomal fusion with the plasma membrane. In the presence of oxLDL, LAMP2 accumulated mainly in the cytoplasm (Fig. 6B ), suggesting an impaired targeting of lysosomal vesicles to the ruffled border.
Studies have described how the fusion of secretory lysosomes to the ruffled border resembles fusion of autophagosomes to lysosomes, indicating that autophagy proteins are important for the secretory function of osteoclasts and participate in the release of lysosome-resident resorptive molecules 23 . With this in mind, we first analyzed the lysosomal marker LC3b co-stained with CatK by confocal microscopy. As depicted in Fig. 6C, there was an increased accumulation of LC3b lysosomal vesicles in oxLDL treated cells compared with control cells suggesting a blockage of autophagy.
To verify if the inhibited targeting of lysosomal vesicles to the ruffled border by oxLDL treated cells and the accumulation of LC3b vesicles was because of a blockage of autophagy, we checked the expression of p62; a protein that has been shown to be degraded by the autophagy-lysosomal pathway. Treatment with oxLDL led to an accumulation of p62 suggesting that oxLDL inhibits the process of autophagy. However, p62 levels became comparable with control cells when SR-A was inhibited (Fig. 6D) .
Further, control and oxLDL treated osteoclasts were compared using transmission electron microscopy. The control cells showed cell extensions on the apical membrane in mostly all sections. These were mostly absent or clearly diminished in the osteoclasts treated with oxLDL ( Fig. 7A,B , insets in C,D). This observation suggests disturbance of the functional secretory domain of the apical side of the osteoclasts in the presence of oxLDL. Electron dense compartments were clearly visible in oxLDL treated cells, which appear separate, membrane surrounded, irregular shaped (B), or sometimes connected in a syncytium of electron dense cisternae (D). In the latter case, the typical cisternae of rough endoplasmic reticulum ( Fig. 7C ) are less predominantly observed (Fig. 7D ). Further, oxLDL treated cells showed massive enlargement of Golgi stacks compared to the control (Fig. 7E,F) . Together, this data point to massive cytoskeletal and vesicles trafficking disturbances and intracellular accumulation of protein-dense vesicles in oxLDL-treated cells.
Discussion
Osteoclasts play a very crucial role not only for bone remodeling but also for calcium homeostasis 24 . Disturbance of the delicate balance between bone forming cells and bone resorbing cells affects bone health and can cause extra skeletal calcification of soft tissues. Several report show that oxLDL inhibits differentiation of osteoclasts 6 . Whereas, contradictory data are reported regarding oxLDL effects on osteoblasts with some showing inhibition 25 and others activation 26 of osteoblasts function. In blood vessel wall, oxLDL is phagocytosed by macrophages and leads to the development of atherosclerotic plaques 27 .
This research work provides a mechanistic insight on the effect of oxLDL to the process of osteoclastogenesis, emphasizing that this compound plays an important role on bone remodeling.
We have shown that oxLDL inhibits osteoclastogenesis. In some studies, the number of TRAP positive cells are used as a readout of successful osteoclastogenesis 6 . Interestingly, we have found that at 0.43 µM oxLDL concentration, there were even slightly higher numbers of TRAP positive cells compared with the control. However, the number of nuclei per cell used as an index for osteoclast activity 28 was at least 3 fold lower at the same oxLDL concentration. In our view, this means that TRAP staining could be an insufficient measure of osteoclastogenesis. A reason might be that the expression of TRAP is not exclusive to osteoclasts. Several cells such as macrophages, neurons, T-cells have been shown to express TRAP and the mechanisms governing its action is not fully understood 11, 29 . In contrast, the number of nuclei per TRAP positive cell mirrors the fusion process and might be the better read-out for a successful osteoclastogenesis.
We have also identified SR-A as an important receptor mediating oxLDL effects in osteoclast precursor cells. SR-A is a pattern recognition receptor expressed mainly by macrophages. It has a broad ligand binding ability suggesting diverse roles ranging from cell adhesion to pathogen clearance to cytokine production and to signal transduction 30, 31 . Lin et al. 32 , explained the importance of SR-A in bone development in vivo by deletion of SR-A which resulted in a decreased number of osteoclasts leading to a higher bone mass in knockout mice. Takemura et al. 33 , also reported the expression of SR-A during the different stages of osteoclastogenesis, emphasizing its importance in bone biology. However, the role of SR-A in the presence of endogenous compounds such as oxLDL on osteoclast precursor cells has not yet been explored. This study therefore demonstrate that SR-A mediates the recognition of oxLDL in osteoclast precursor cells and its inhibition rescues some of the oxLDL mediated effects on osteoclastogenesis.
Studies by Takemura et al. 33 , showed a decrease in the expression of SR-A at a later time point of osteoclastogenesis, indicating that mature osteoclasts possibly have no expression of SR-A. We suppose that the reversal of some of the oxLDL mediated effects by SR-A were successful because they took place early at osteoclastogenesis. This could explain why some of the oxLDL mediated effects such as resorption on bone slices could not be reversed when SR-A was inhibited, since a longer incubation time is needed and SR-A expression might have decreased. Therefore, further studies are needed to identify which receptors and pathways are activated by osteoclasts when SR-A expression decreases. The other 3 pattern recognition receptors; CD36, TLR-4 and LOX-1 also known to bind oxLDL 3 are important for osteoclastogenesis, since blocking them repress the process of osteoclastogenesis as evidenced in the suppression of CatK secretion and accumulation of CatK in the cell.
The polarization of osteoclasts differentiates between an active and a non-active osteoclast and the formation of actin rings indicates the status of polarization as well as cell activity 34 . oxLDL interferes with this process probed with the CatK antibody. (I) Cells were lysed at day 3 and equal amount of cell lysates were western blotted for CatK. Only inhibition of SR-A increased the secretion of CatK, hence decreasing CatK content in cell lysates. Images from both zymography and western blot were captured using the VersaDoc-3000 (Bio-Rad Laboratories, Muenchen, Germany).
SCiENtifiC RepoRts | (2018) 8:11604 | DOI:10.1038/s41598-018-29963-w leading to inactive osteoclasts that lack the ability to reorganize and form sealing zones that shield the resorption site from the environment. At first we thought oxLDL inhibits the expression of integrins which disable the cell matrix adhesion leading to a disruption in the cytoskeletal rearrangements. We however observed that the expression of integrin in oxLDL treated osteoclast was similar to control ( Supplementary Fig. 1 ). Studies by Feng et al. 22 , described the importance of V-a3 proton pump localization and its stabilization in the formation of actin rings. They also reported that a depletion of the V-a3 isoform results in a defective actin ring formation in mature osteoclasts. As described above, oxLDL inhibited the localization of V-a3 isoform to the cell periphery suggesting that the inefficient delivery of V-a3 to the ruffled border in oxLDL treated cells could directly affect cytoskeletal rearrangements in osteoclasts. One major function of osteoclasts is the dissolution of bone matrix, and we show for the first time a direct correlation between CatK secretion and the resorptive activity of osteoclasts on hydroxyapatite coated plates. Secretory cells such as osteoclasts exhibit active machinery that secrets lysosomal enzymes to the extracellular space for bone degradation, and CatK has been identified to be a crucial protease for bone resorption. We illustrate that oxLDL repressed the secretion of CatK and the resorptive activity on hydroxyapatite coated plates. This was directly correlated with the secretion and resorptive pattern on bone slices which could be due to the off-target localization of lysosomal proteins. Although there is a direct correlation between CatK secretion and osteoclastic resorption on hydroxyapatite coated plates, it is well known that CatK is a protease that degrades organic bone matrix (collagen) and not inorganic bone components (calcium phosphate). However, our data suggests that hydroxyapatite coated plates could also suffice in stimulating CatK secretion since similar pattern of CatK release was observed in both cells grown on plates and bone slices.
Previous work published by Cremasco et al. 35 , demonstrate different pathways for cathepsin K exocytosis and proton pump exocytosis in osteoclasts. They noted that while osteoclasts from PKCδ deficient mice could dissolve hydroxyapatite coated plates, CatK secretion important for organic bone degradation was inhibited. Our study clearly shows that oxLDL repressed the lysosomal exocytosis of both V-a3 and CatK. This was evident in the inefficient delivery of the proton pump to the ruffled border leading to an inhibition of dissolution of hydroxyapatite coated plates and in reduced CatK secretion respectively. Our findings further suggest that the identified mechanism disturbed by oxLDL during osteoclastogenesis is the process of autophagy, resulting in the intracellular accumulation of LC3b + lysosomal vesicles. Although, oxLDL does not hinder the packaging of cargo into lysosomal vesicles which has been evident in the accumulation of LC3b/CatK positive vesicles in oxLDL treated cells, the fusion of these vesicles to the ruffled border is inhibited. This could be due to the disruption of the cytoskeletal rearrangement (Fig. 2) as a result of the off-target localization of the proton pump in the cytoplasm (Fig. 6 ) so that proteins in lysosomal vesicles could not be directed to the ruffled border.
Transmission electron microscopy study further confirmed a general disturbance of vesicle trafficking in oxLDL treated osteoclasts. Thus, we observed dramatic decrease in the number of membrane protrusions on the apical side of osteoclasts (Fig. 7) . This suggests that functional secretory domain is also disturbed by oxLDL. Functional secretory domain is involved in transcytotic transfer of type I collagen fragments and other factors released from the bone during resorption such as TGF-β and undercarboxilated osteocalcin 36 . This data confirms results presented in Fig. 3D,E showing diminished release of collagen fragments in the presence of oxLDL. Furthermore, oxLDL treated cells showed accumulation of electron dense structures most likely representing protein-loaded vesicles. Golgi hypertrophy has also been documented to be associated with lysosomal accumulation of oxLDL in macrophages 37 . It remains to be investigated to what extent osteoclasts can accumulate oxLDL intracellularly and how this affects cell function. Our data are summarized schematically in Fig. 8 .
In conclusion, the data we present here show the importance of SR-A in mediating the uptake of oxLDL in osteoclast precursor cells and its effects on osteoclastogenesis. More importantly, we show that oxLDL does not affect the packaging of cargo into the lysosome but restrain the fusion of lysosomal vesicles to the ruffled border by inhibiting the process of autophagy. 
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Materials and Methods
Cell culture and osteoclastogenic differentiation. Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats (DRK-Blutspendedienst NSTOB, Springe, Germany. All methods were carried out in accordance with relevant guidelines and regulations. All experimental protocols were approved by the Ethics Committee of the Hannover Medical School. All donors signed the informed consent) with the lymphocyte separation medium (PAA Laboratories, Coelbe, Germany) according to standard protocol. After density gradient centrifugation, monocytes were isolated by depletion of non-monocytes using the monocyte isolation kit (Militenyi Biotec, Bergisch Gladbach, Germany) according to manufacturer's instructions. Monocytes were plated at a density of 2 × 10 5 cells per well in 96 well plates, hydroxyapatite coated plates and bone slices, 5 × 10 5 cells per well on glass coverslips in 24 well plates and 1 × 10 6 in 6 well plates. Cells were cultured in Alphamem (Biochrom, Berlin, Germany) medium supplemented with 10% fetal calf serum (FCS) and 20 ng/mL M-CSF (Peprotech, New-Jersey, USA) for 7 days for differentiation into macrophages; medium was changed at day 3 during this period. For differentiation of the macrophages to osteoclasts, cells were grown in osteoclastogenic medium consisting of 20 ng/mL M-CSF and 20 ng/mL RANKL (Peprotech, New-Jersey, USA) for 8-14 days with medium changed every 4 days. oxLDL preparation. LDL was isolated from human plasma obtained from DRK-Blutspendedienst NSTOB, Springe, Germany (All methods were carried out in accordance with relevant guidelines and regulations. All experimental protocols were approved by the Ethics Committee of the Hannover Medical School. All donors signed the informed consent) and oxidized with CuSO 4 as previously described 38, 39 Characterization of osteoclastic activity on hydroxyapatite coated plates. After culturing the cells on the hydroxyapatite coated plates for a total of 3 weeks; with or without oxLDL and with or without receptor inhibition, cells were removed by addition of 200 µL of 1 M NaCl in 0.2% Triton X-100 solution for 2 minutes. The plates were then washed twice with distilled water, air dried and viewed under a bright field microscope. Images were taken and resorption areas measured by ImageJ.
Osteoclast acidification assay. Intracellular acidification was determined by acridine orange (Cayman chemicals, Michigan, USA). Thirteen micrograms of acridine orange were incubated with cells in culture medium for 45 minutes. Cells were washed twice with PBS and processed for fluorescence microscopy using the Leica DMI3000 B microscope at 485 nm excitation and 520 nm emission.
TRAP activity staining. The cells were fixed and stained with acid phosphatase leukocyte (TRAP) kit (Sigma-Aldrich, Steinheim, Germany) according to manufacturer's instructions after culturing for a total of 21days with and without oxLDL and with or without receptor inhibition.
PIT assay. Cells were cultured on bovine cortical bone slices (Bone slices.com, Jelling, Denmark) as earlier described. After the stipulated time point, cells were removed by incubating for 10 minutes with 5% sodium hypochlorite, washed twice with PBS and then stained with 1% toluidine blue (Sigma, Missouri,USA) (1% toluidine blue dissolved in 1% sodium tetraborate decahydrate). Cortical bone slices were then washed in tap water, air dried and viewed under the bright field microscope. Culture supernatant was collected at different time points and assayed for collagen type 1 fragment using the CrossLaps ELISA (Immunodiagnostics, Frankfurt, Germany) according to manufacturer's instructions.
Gelatin Zymography. Cathepsin zymography was performed as previously described 41 . Briefly, 6X non reducing loading buffer (0.05% bromophenol blue, 0.5 M Tris HCl, 50% glycerol, 10% SDS) was added to all samples prior to loading. Samples were then resolved by 12.5% SDS-PAGE containing 0.2% gelatin at 4 °C (30 mA/gel, 0.75 mm thick minigel). The gels were carefully removed and enzymes renatured 3X for 10 minutes in renaturing buffer (65 mM Tris buffer, pH 7.4 with 20% glycerol). Afterwards, gels were incubated in activity buffer (0.1 M phosphate buffer, 1 mM EDTA and freshly added 2 mM DTT pH 6.0) for 30 minutes at room temperature and then changed to a fresh activity buffer and incubated at 37 °C for 72 hours. Gels were then washed twice with distilled water and then stained for 30 minutes in coomassie stain (0.5% coomassie (Sigma, Steinheim, Germany) in 30% ethanol and 10% acetic acid). Gels were then destained in destaining
